Effect of e-beam irradiation on graphene layer grown by chemical vapor deposition
Linearly polarized light microscopy (PM) revealed that graphene grown by chemical vapor deposition (CVD) on stepped Cu substrate may appear colored. The coloration is associated with the coupling of the light of 450-600 nm into propagating mode in the graphene layer when the electric vector (Ẽ) of polarized light is parallel with the step edges and with the scattering when theẼ is normal to the step edges. PM is an inexpensive, fast, and contamination free method to efficiently visualize graphene and to map the step structure of Cu substrates used for large area CVD growth of graphene. Due to the very promising electronic, mechanical, and optical properties, 1 graphene has continuously been the focus of attention since it was first produced by mechanical cleavage.
2 At the beginning of the "graphene era," mechanically cleaved graphene was made visible by optical microscopy. 3 This contributed significantly to the exponential development of the field (see Fig. 1 of Ref. 4) . Optical methods based on polarized light are very versatile, even at submonolayer coverage. 5, 6 For practical applications, large area graphene must be produced at low cost. To achieve industrially viable prices, chemical vapor deposition (CVD) technique in conjunction with polycrystalline Cu substrates 7 is perhaps the best candidate to achieve these demands. 8 This process yields polycrystalline graphene material, i.e., a patchwork of randomly grown crystallites fused together. 9 The disorder of this patchwork originates from multiple sources, the most important being: random nucleation and the coalescence of the growing islands. 10, 11 This leads to the formation of grain boundaries (GB) [12] [13] [14] that possess a different electronic structure than that of the graphene crystallites. 15 Therefore, nucleation control during the formation of the graphene crystallites 16, 17 plays a crucial role in the creation of high-quality graphene. Another factor influencing material quality may be associated with nanoripples attributed to the step formation in the Cu substrate during graphene growth. 18 Electron backscatter diffraction (EBSD) and Raman spectroscopy revealed that the growth on Cu(111) facets yields better quality graphene than on the Cu(100) facet. 19 Unfortunately, most commercial Cu foils produced by cold rolling exhibit a pronounced (100) texture. 20 On the (100)-textured surface of the Cu foils, four-lobed, 4-fold-symmetric islands nucleate and grow. 21 Upon graphene formation the (100)-texture is maintained despite the fact that other facets are also observed. 19 As shown by scanning tunneling microscopy (STM), the graphene grown by this method is continuous over the prominent step structure which is generated during the graphene formation. 22 A further difference is found in the oxygen penetration under the graphene on different Cu facets. In contrast to Cu(111), on Cu(100) the oxygen penetrates beneath the graphene layer and oxidizes the Cu substrate. 23 Optical characterization methods are extremely useful in order to investigate the orientation of individual Cu grains, their characteristic step structure, 18 and the graphene overlayer grown on them. Unlike scanning electron microscopy (SEM) and EBSD, they are contamination-free and easy to use.
Graphite is a birefringent material. 24 Recent experiments showed that in the case of linearly polarized light the light is coupled into propagating modes whenẼ oscillates in the graphene plane. However, whenẼ oscillates normal to the graphene plane the light is scattered in directions close to normal to the graphene plane. 25 Here we report the use of linearly polarized light in order to reveal the grain structure of the Cu substrate, and the orientation of the characteristic step structure formed during graphene growth 21 on the Cu crystallite facets with different Miller indices. Examining the samples with polarized light microscopy (PM) and offsetting the analyzer a few degrees from the rigorously crossed position with the polarizer, the graphene crystallites covering the Cu substrate appeared yellow or violet contrasting the homogeneous grey of the Cu substrate (Fig. 1) . On the basis of spectrogoniometric and microspectrometric measurements we attribute these colors to the selective coupling of the polarized light with the graphene over the stepped surface of the Cu crystallites. Graphene was synthesized using low-pressure chemical vapor deposition of CH 4 on Cu foils (25 lm thick; 99.999%; Alfa Aesar). The CVD set-up consisted of a quartz tube located inside a horizontal cylindrical furnace. The system was evacuated to a base pressure of <0.01 Torr, purged with Ar, and backfilled with 500 sccm H 2 at 4.1 Torr. The furnace was heated to 1035 C and the Cu substrates were then shifted into the hot zone of the furnace to anneal them in H 2 for 60 min. Graphene was synthesized by adding 1 sccm CH 4 for 10 min at 4.2 Torr. Subsequently, the CH 4 was switched off, and the substrates were quenched by rapidly shifting them out of the hot zone in H 2 .
The graphene grown on the Cu substrate was investigated by X-ray diffraction (XRD), PM in white light, SEM, EBSD, and various modes of atomic force microscopy (AFM) such as contact mode (C-AFM), friction force (FF-AFM), and conductive tip (CT-AFM) AFM. Detailed reflection spectra were acquired using a custom built spectromicroscope (SM) consisting of a Zeiss Axio Imager optical microscope combined with an Avantes fiber optic spectrometer, able to acquire microreflectivity data with a resolution of 3 lm. 26 In PM examination of a cubic metallic sample, like Cu, 27 increasing deviation from the rigorously crossed position of the polarizers will only increase the intensity of the transmitted light. Therefore it was quite surprising to observe that with close to crossed polarizers, graphene crystallites on neighboring Cu grains appear as violet and yellow colored patches ( Fig. 1(a) ). Furthermore, it was observed that the respective graphene crystallites switched color from violet to yellow and reverse when the analyzer position was changed from 90 þ D to 90 À D (Fig. 1(c) ). Here the deviation angle, D is typically of the order of 5 -10 . This behavior was found to be characteristic for all the samples investigated in this work. High-resolution optical microscopy with rigorously crossed polarizers revealed a system of close to orthogonal striation on the two neighboring grains in Fig. 1 while graphene is barely visible as a pale yellow over the grey of Cu (Fig. 1(b) ). XRD confirmed the dominant (100) texture of the polycrystalline Cu foils after growth was completed. Cu grains exhibiting the above detailed color switching of the graphene layer were typically found across the entire substrate surface. Detailed SEM and AFM investigations revealed (in agreement with optical microscopy studies) that the two neighboring grains of Fig. 1 possessed a well developed system of steps running close to parallel with each other within the same grain, and close to orthogonal to the steps in the neighboring grain (Fig. 1(b) ). The AFM image in Fig. S2 (Ref. 27) shows that the region of the GB is not smooth. A schematic view of the step structure-omitting the few degrees inclinations in the region of the GB-is shown in Fig. 1(e) . In Figs. 1(d) and 1(f) details of the step structure on the left and right hand side of the GB, respectively, are shown together with the corresponding AFM line-cuts.
Studies of an individual graphene flake in highresolution using PM (Figs. 2(a) and 2(b) ), topographic C-AFM (Fig. 2(c) ), friction force measurements (Fig. 2(d) ), CT-AFM, and SEM (Fig. S3 in Ref. 27) , revealed that the violet or yellow coloration is not observed in those regions where the Cu surface is smooth. While PM clearly showed that in these regions the color is coincident with that of the Cu background (Fig. 2(a) ), the AFM and SEM data convincingly showed that the graphene layer is present in these regions as well.
SM measurements performed on a single Cu grain with dense graphene coverage (all graphene crystallites exhibited the same coloration) in the spectral range from 400 to 700 nm revealed that when keeping the position of the polarizer and that of the analyzer fixed but rotating the sample a full 360 rotation around the sample normal, the color switching occurred four times, at positions offset from each other by 90 ( Fig. 3(a) ). The reference (see Ref. At each D value a spectrum was recorded; the first four spectra are depicted in Fig. 3(b) (all spectra are shown in Ref. 27 ). As the D value increased, the amount of light transmitted through the microspectrometer increased monotonically. However, for each þD and ÀD rotation of the analyzer a positive/negative plateau was found in the range of 450-600 nm, while the two curves-corresponding to þD and ÀD-ran close to each other in the wavelength ranges of 400-450 nm and 600-700 nm.
The graph shown in Fig. 4 was generated by plotting the difference between the reflection curves corresponding to þD and ÀD rotations of the analyzer measured at 500 nm as compared to the average reflectivity value measured at 700 nm. The color contrast was most pronounced at a few degrees from the rigorously crossed position, but at rigorously crossed polarizers there was no color contrast observed (see Figs. 1(b), too) .
The linearly polarized light can have two distinct orientations with respect to the face of the Cu steps, which is in a plane at right angles with the plane of the Cu foil itself (see, Fig. 1(e) , not shaded face), this will be called the "normal" face of the step, while the face parallel with the plane of the sample (shaded face) will be called the "parallel" face of the step. Light with theẼ parallel with the normal face may be coupled into the graphene membrane covering the normal face of the step. 25 It will be reflected/scattered at the bottom of the step under angles close to the incidence angle so that a significant fraction will enter the microscope objective. On the contrary, the light withẼ perpendicular to the normal face of the step will be scattered close to angles normal to this step face 25 so that most of it will be lost and not captured by the microscope objective. These processes will be responsible for the "additional" light in the spectral range of 400-650 nm, causing the yellow color when the plane of polarization is parallel with the normal face of the step. The lack of the light scattered so that it cannot enter the microscope objective will cause the violet color when the plane of polarization is normal to the normal step face. Under a full circle rotation there will be two yellow and two violet positions at 180 from each other for each system of steps. The two positions for light coupling into the graphene overlaying the normal step faces are shown in Fig. 1 (e) by double arrows: red for one step orientation and blue for the orthogonal step orientation. For intermediate positions between parallel and perpendicular orientation of the polarization plane with respect to the normal step face, one can decompose the electric field vectorẼ into a parallel and a normal component. This reduces the discussion to the two cases discussed above. The same is valid for the case when the "normal" step face may have some deviation from the rigorously normal orientation with respect to the sample surface. On a more general level the decomposition of theẼ into components parallel and normal to the graphene surface is justified in any region where the surface is corrugated. A completely random corrugation or a smooth surface is not expected to yield a marked color contrast-as it will lack the preferential orientation arising from close to parallel steps-while a regularly corrugated structure like the step systems in Fig. 1 clearly will yield color contrast.
Another important point may be that when individual graphene flakes grow together to form a continuous layer on 1(e) ), which will be "frozen" in the structure of the graphene overlayer. Even after transferring this graphene overlayer onto an atomically flat surface, wrinkles will continue to be present and to generate mechanical stresses in the graphene. This mechanical stress in turn may alter both electronic and the optical properties of graphene. 18, 28 An additional advantage of the use of PM is that it allows the quick and simple investigation of Cu grain step structures-which may be indicative of the copper grain orientation-without the need of using SEM and EBSD which inherently contaminate the scanned surface with amorphous carbon. Such a layer of amorphous deposit would be highly undesirable.
To check for possible effects not related to the step structure of the Cu substrate, graphene flakes were transferred from the Cu substrate to SiO 2 /Si surface (SiO 2 thickness 90 nm); the graphene crystallites did not exhibit any color change in non-polarized or polarized light; their coloration was slightly darker blue as compared with the substrate. 27 Polarized light microscopy proved to be a useful tool in the fast, large area, and contamination free investigation of the characteristic step structure developed on polycrystalline Cu used as a substrate for CVD graphene. The yellow/violet coloration of graphene covered Cu grains when observed in linearly polarized light is attributed to the coupling of light in the spectral range from 450 to 600 nm into a propagating mode in the graphene layer, while light withẼ normal to the step edges is scattered. 
